We compared near-bottom seston and surface sediment composition in Cape Cod estuaries receiving different N loads to determine whether eutrophic-driven changes in seston and sediment composition occur in tandem and what implications such coupling has for the quantity and quality of particles available as food for benthic consumers. ␦ 15 N signatures in seston and sediment increased with increasing N loads to estuaries and linked particles in nearshore seston and sediment to land-derived wastewater sources. ␦ 13 C signatures in seston and sediment reflected C inputs primarily from microalgae. Sediments, however, were consistently lighter in ␦ 15 N and heavier in ␦ 13 C compared with seston among our estuaries and in other estuaries worldwide, which suggests a seston-sediment biogeochemical coupling that may be independent of estuary-specific differences. In Cape Cod estuaries, N enrichment increased microalgal production in seston and sediment in nearshore areas, and higher N loads decreased C : N in sediments, but not in seston. The biogeochemical coupling reflected in isotopic signatures in seston and sediment persisted despite these changes associated with N enrichment and differences in grazer abundance, salinity, and flushing times across estuaries. Differences in isotopic signatures in benthic algae compared with phytoplankton were consistent with isotopic differences in sediment compared with seston, and microalgal production was the only aspect of composition that responded similarly to N loading in both seston and sediment across estuaries. The consistent coupling between seston and sediment composition, therefore, was likely related to differences in microalgal composition and, in turn, the type and quantity of particles available as food to consumers at the sediment-water interface.
In shallow estuaries subject to mixing, composition of nearbottom suspended particulate matter (seston) may be influenced by particles resuspended from surface sediments (Baillie and Welsh 1980; Lukatelich and McComb 1986; Lucas et al. 2000) . This potential link between seston and sediment composition in near-bottom waters is of interest to understand a variety of estuarine features, including food quantity and quality available to primary consumers (Fegley et al. 1992; Riera 1998; Carmichael et al. 2004a ) and the effects of biogeochemical processes such as inorganic nutrient exchange at the sediment-water interface and decomposition of organic matter (Sundbäck et al. 1991; Zimmerman and Canuel 2001; Tobias et al. 2003) . Despite the likely importance of interactions between near-bottom seston and surface sediment, few studies have set out to assess the potential for coupling between seston and sediment in terms of similarity in composition or whether seston and sediment composition changes in tandem in response to environmental variation.
Increased nutrient enrichment and resulting eutrophication potentially alter abundance and composition of particles at the sediment-water interface (Cloern 2001; Kang et al. 2003) . Eutrophication is associated with increased primary production (Granéli and Sundbäck 1985; Cloern 2001) , accumulation of detritus, and microbial activity in seston and sediment (Köster et al. 1997; Zimmerman and Canuel 2001) . Eutrophic-driven changes in near-bottom seston and surface sediment may, in turn, affect growth and composition of benthic consumers (Fegley et al. 1992; Carmichael et al. 2004b) . By evaluating changes in seston and sediment composition across estuaries receiving different N loads, we can test the similarity of seston and sediment composition as N loads increase, defining the extent and nature of potential coupling between seston and sediment. We can then relate eutrophic-driven changes in near-bottom seston and surface sediment composition to the availability of food sources at the base of benthic food webs.
Coupling of near-bottom seston and surface sediment composition can be defined by use of stable isotopes along with evaluating organic composition and external controls of seston and sediment attributes. First, responses of seston and sediment can be linked to estuary-specific N loads and traced up food webs using N and C isotopes (Peterson and Fry 1987; Michener and Schell 1994) . N isotopic ratios increase with increasing wastewater inputs to coastal estuaries (McClelland and Valiela 1998a; Mayer et al. 2002) , while land-derived C sources typically have lighter C isotopic signatures than marine sources (Peterson and Fry 1987; Currin et al. 1995; Cloern et al. 2002) . These differences in isotopic composition of seston and sediment can be traced through the food web since isotopes are fractionated with each trophic step (Peterson and Fry 1987) . Second, changes in abun- dance and nutritional value of particles in seston and sediment can be quantified by measuring chlorophyll a (Chl a) concentration and C and N composition (Fegley et al. 1992; Valiela 1995) . Third, changes in seston and sediment composition across different locations may be affected by external controls including estuary flushing times, salinity, temperature, abundance of grazers, and sediment grain size (Cloern 2001; Thornton et al. 2002) , making these estuaryspecific variables potentially important to assessing sestonsediment coupling.
Estuaries of Cape Cod provide favorable locations to study the effects of different N loads on coupling of near-bottom seston and sediment composition. Different land uses on the watersheds of Cape Cod estuaries have resulted in different land-derived N inputs to receiving estuaries (Costa et al. unpubl.; Kroeger et al. 1999; Valiela et al. 2000) . These N loads are large enough to span most of the range of land-derived N loads common to coastal estuaries (Valiela et al. 1992 (Valiela et al. , 2000 . We can thus compare near-bottom seston and surface sediment composition across these estuaries to determine whether different N loads alter seston-sediment coupling.
In this paper, we define similarities and differences in the composition of near-bottom seston and surface sediment to discern the extent of coupling between seston and sediment composition, compare changes in seston and sediment composition across estuaries receiving different land-derived N loads, and discern implications of these relationships for estuarine food supply. To do this, we measured ␦ 15 N and ␦ 13 C values, Chl a, carbon (C), and nitrogen (N) concentrations in near-bottom seston and surface sediment in each estuary. We then compared our results with similar data collected in other estuaries distributed worldwide to see whether the Cape Cod results were generally applicable. We also measured temperature, salinity, sediment grain size, and number of grazers to determine how external controls may have affected the coupling of seston and sediment composition at our sampling sites.
Methods
Sampling procedure-To define seston and sediment composition and compare changes in composition as N enrichment increases, we collected near-bottom seston and surface sediment samples in eight Cape Cod estuaries, representing a wide range of N loads (Fig. 1, Table 1 ). Determination of N-loading rates is described in detail elsewhere (Valiela et al. 1997 (Valiela et al. , 2000 but included measuring and/or modeling N inputs based on data collected for the entire watershed and N concentrations in groundwater collected at the seepage face around the periphery of each estuary. In this study, we collected two samples of seston and sediment at each of two sites per estuary, every 2 weeks from early June to midSeptember 2001, for a total of 224 samples each of seston and sediment. The two sampling sites in each estuary were chosen to have similar depth (ϳ1 m at mean low water), flow regimes, temperatures, and sediment grain size (Table  1) . We sampled across equivalent low and intermediate tides in each estuary to capture similar tidal variation. To collect seston and sediment samples relevant to assessing benthic food webs, we further selected sites near shore but subtidal, where primary consumers were abundant (Carmichael et al. 2004b) .
To collect near-bottom seston, we sampled water ϳ10 cm from the sediment surface using a Wildco horizontal water sampler. We chose the Wildco sampler because preliminary studies determined that it efficiently captured near-bottom water samples without capturing sediments artificially resuspended by the sampling process. To avoid and detect sediment disturbance during sampling, we measured water depth carefully before collecting samples, changed sampling locations if disturbance was suspected, and collected a sufficient number of samples to allow statistical determination of any anomalous data points. Two liters of each water sample (200 m prefiltered) was then filtered onto a preashed 0.7-m Whatman GF/F filter.
To collect sediment samples, we used a 1-cm diameter syringe corer to take the top 3 cm of sediment and pooled sediment from three replicate cores at each sampling site. Sampling sediment to a depth of 3 cm was likely to capture not only the majority of active Chl a in Cape Cod sediments (Lukatelich and McComb 1986; Cahoon et al. 1999) , but also the portion of sediment that is most likely important to Table 1 . N load, estuary flushing time (T r ), mean water temperature, salinity, density of snails (N. obsoletus), and sediment and seston characteristics at two sampling sites in eight Cape Cod estuaries (cf. Fig. 1 estuarine food supply (Carmichael et al. 2004a,b) . We measured salinity and water temperature ϳ10 cm from the sediment surface at each site when seston and sediment samples were collected. Salinity and temperature were measured using a YSI 95 digital meter.
Stable isotope analysis-To determine isotopic signatures of seston and sediment, seston filters and subsamples of sediment from each site were dried to a constant weight at 60ЊC, and sediments were ground to a powder. C and N in both sample types were analyzed by continuous flow isotope ratio mass spectrometry (20-20 mass spectrometer, PDZ Europa) after sample combustion to CO 2 and N 2 in an online elemental analyzer (PDZ Europa Automatic Nitrogen and Carbon Analyzer-Gas Solid Liquid). Gases were separated on a Carbosieve G column (Supelco) before introduction to the isotope ratio mass spectrometer (IRMS).
Organic composition of seston and sediment-To determine the quantity and quality of organic particles recovered from seston and in sediment, we measured Chl a, C, and N concentrations, and C : N in both seston and sediment as well as the concentration of total suspended particulate matter (SPM) and particulate organic matter (POM) in seston. To measure Chl a concentration in seston and sediment, we extracted bulk sediments and filters containing seston with 90% acetone and used the spectrophotometric methods and equations of Lorenzen (1967) . To determine C and N concentrations, we combusted filters and sediment in a PerkinElmer 2400 CHN elemental analyzer. We acidified sediments overnight (ϳ12 h) by fuming with concentrated HCl to remove carbonates before combustion. This relatively mild method of acidification did not alter organic nitrogen concentrations. To determine total and organic particulate matter in seston, we quantified weight of seston per volume of water filtered and ashed filters at 490ЊC for 4 h.
Grazer abundance-To determine the potential effects of grazers on microalgae biomass, we noted the presence of any grazers at each site during the study. Snails were the only grazers consistently found at numbers higher than 10 per site where they were found. We quantified the potential effect of snails on algal biomass by counting the number of snails in four randomly oriented 30-cm 2 plots, one time at each site, during the final 2 d of sampling. Results of this counting were consistent with general patterns in snail abundance observed throughout the study.
Sediment grain size-To determine sediment grain size, we sieved subsamples of wet sediment from each site. We sorted sediments into three fractions: clay ϩ silt (Ͻ63 m), sand (63 m to 2 mm), and gravel (Ͼ2 mm) (Wentworth 1922) . Each particle size fraction was dried and weighed to determine percentage composition.
Statistics-For regression analyses N-loading rates and percentage wastewater were considered to have no error, allowing use of type I regression. Type II regression analysis was used for comparison with all other independent variables. For most comparisons, data were combined to calculate a mean value for each of the eight Cape Cod estuaries, with each data point representing ϳ28 individual samples. Table 1 , and percentage wastewater contributions are from Costa (unpubl. data), modified according to Valiela et al. (2002) , Kroeger et al. (1999) , and Valiela et al. (2000) Statistical tests were performed as indicated in the text using StatView 5.0.1.
Results and discussion

␦
15 N and ␦ 13 C in seston and sediment-N isotopic signatures in near-bottom seston and surface sediment showed significant logarithmic increases with increasing N load to the watersheds of the eight Cape Cod estuaries ( Fig. 2A) and with increasing contribution of wastewater to total N load (Fig. 2B) . Wastewater contribution to N load was a better predictor of ␦ 15 N signatures in seston and sediment (r 2 ϭ 0.80 and 0.72, respectively) than N-loading rate (r 2 ϭ 0.63 and 0.55, respectively), consistent with McClelland and Valiela (1998a) and Cole et al. (2004) . The magnitude of ␦ 15 N values and the logarithmic responses we measured have been found in other estuaries and freshwater bodies (Lake et al. 2001; Cole et al. 2004; Carmichael et al. 2004a ). These data emphasize potential for N enrichment to affect detectable changes in characteristics of near-bottom water and surface sediment particularly at relatively low N loads (Carmichael et al. 2004a ).
The precise reason for a logarithmic response by ␦ 15 N in seston and sediment to increasing N loads is unknown, but it may be related to changes in abundance and composition of primary producers across estuaries. Previous studies have found the magnitude of ␦ 15 N in producers varies among species, and producer species composition and dominance may change with increasing N loads to estuaries (Valiela et al. 1992; McClelland and Valiela 1998a,b; Carmichael et al. 2004b) . If these changes occur as N loads increase but at relatively low N loads (Carmichael et al. 2004a,b) , ␦ 15 N values in seston and sediment across estuaries would reflect the change in N sources as N loads increase, as well as the change in composition of primary producers. The logarithmic response by ␦ 15 N in seston and sediment may reflect the combination of these two effects.
The rates at which ␦ 15 N values in near-bottom seston and surface sediment responded to increasing N load or to increasing percentage wastewater were not significantly different ( Fig. 2A,B , test for homogeneity of slopes [Sokal and Rohlf 1981] , N load, F 1,12 ϭ 0.10, p ϭ 0.75; percentage wastewater, F 1,12 ϭ 0.29, p ϭ 0.60). The y intercepts of each regression, however, differed between seston and sediment (analysis of covariance, N load, F 1,13 ϭ 9.34, p ϭ 0.01; percentage wastewater, F 1,13 ϭ 15.73, p ϭ 0.002), driven by the consistently heavier N isotopic signatures of seston. These results demonstrate that ␦ 15 N in seston and sediment responded similarly to increasing N load across the eight estuaries, but the magnitude of response was consistently greater in seston compared with sediment.
␦ 13 C values in seston and sediment were independent of N-loading rate or percentage contribution of wastewater (Fig. 2C,D) but reflected sources of organic matter available in the different estuaries, with ␦ 13 C in seston significantly (t ϭ 2.5, p ϭ 0.03, df ϭ 13) lighter than in sediment (Fig.  2C,D) . ␦ 13 C values ranged from Ϫ16‰ to Ϫ21‰ in sediment (Fig. 2C,D) , which suggests sediments were comprised primarily of marsh-derived and benthic micralgal sources (Peterson and Fry 1987; Currin et al. 1995; Cloern et al. 2002) . ␦ 13 C values in seston ranged from Ϫ18‰ to Ϫ24‰ (Fig. 2C,D) , reflecting marine phytoplankton and freshwater sources (Peterson and Fry 1987; Currin et al. 1995; Cloern et al. 2002) . One estuary in particular, Weweantic River (WR, Table 1), bore primarily freshwater-derived ␦ 13 C signatures (Fig. 2C,D) . These data suggest C composition differed between near-bottom seston and surface sediment, but ␦ 13 C in seston and sediment responded similarly to these changes across estuaries, with the magnitude of response greater in sediment than seston.
Cape Cod ␦
15 N and ␦ 13 C values compared with other sites-To determine whether the biogeochemical relationships we observed between near-bottom seston and surface sediment occur in other systems, we compared our results with pair-wise comparisons of seston and sediment for ␦ 15 N (Fig. 3A) and ␦ 13 C (Fig. 3B) values reported in the literature. To perform these analyses, we compared our data with a detailed literature review of ␦ 15 N in estuarine seston and sediments ( Fig. 3A ; Owens 1987) and to more recent studies where both seston and surface sediments were collected at common locations in relatively shallow estuaries by methods similar to ours (Fig. 3, ' 'Other studies''). Where possible, we limited our comparison to studies that reported spring and summer or year-round mean values because we collected (Carmichael et al. 2004b) . Gray bars (A) show the range of ␦ 15 N in estuarine seston and sediment among over 100 data points compiled by Owens (1987) . Dashed line shows 1 : 1 correlation. Outliers (Sokal and Rohlf 1981) were not included in the correlation. our samples in warmer months when sediment ␦ 15 N values may be light compared with seston (Vizzini and Mazzola 2003) . Since most previous studies have not compared bottom-water seston with sediments, we were forced to compare our isotopic data with studies that collected seston at the surface or midwater. This difference, however, provided a serendipitous opportunity to determine the extent to which our results may be generalized to describe biogeochemical coupling between seston and sediment or resulting effects on estuarine food supply elsewhere.
Comparing our data in combination with data from previous studies, ␦ 15 N values in seston were significantly positively correlated with ␦ 15 N in surface sediment (Pearson's r ϭ 0.81, Fisher's Z test, p Ͻ 0.001), with a majority of points falling above the line indicating a 1 : 1 correlation (Fig. 3A) . This finding indicates that ␦ 15 N in seston and sediment increased together across different locations worldwide, but seston values were significantly heavier than sediment. The mean difference between ␦ 15 N in seston and ␦ 15 N in sediment among our estuaries (1.4 Ϯ 0.2‰) was not significantly different from the mean difference (1.3 Ϯ 0.3‰) measured between seston and sediment from the ''other studies'' shown in Fig. 3 (t ϭ 0.23, p ϭ 0.82, df ϭ 27). The gray bars in Fig. 3 show the range of ␦ 15 N signatures in seston and sediment compiled by Owens (1987) . Our estuaries and those with which we compared our data were representative of this range of ␦ 15 N signatures sampled broadly. ␦ 13 C values in seston were also significantly positively correlated with ␦ 13 C in sediment for the combination of our data and other studies (Pearson's r ϭ 0.78, Fisher's Z test, p Ͻ 0.001), with the majority of points falling below the 1 : 1 line (Fig. 3B) , indicating ␦ 13 C in sediment was typically heavier than seston. As with ␦ 15 N, the mean difference between ␦ 13 C in seston and ␦ 13 C in sediment among the Cape Cod estuaries we sampled (1.9 Ϯ 0.4‰) was not significantly different from the differences measured among other studies (1.5 Ϯ 0.4‰, t ϭ 0.53, p ϭ 0.52, df ϭ 28).
Overall, there were well-defined relationships between increasing isotopic signatures in seston and sediment among Cape Cod estuaries that were shared by similar data from other studies (Fig. 3) . As in Cape Cod estuaries, data from other estuaries suggest seston and sediment changed together, but, on average, seston ␦ 15 N values were heavier and ␦ 13 C values were lighter compared with sediment (Fig. 3) . These isotopic comparisons show that there is a degree of coupling between seston and sediment and that there also are consistent differences. The implications of this coupling on estuarine food supply are twofold. First, since isotopic signatures in seston and sediment changed together, foods available to consumers from seston and sediment may change concomitantly as N loads to estuaries increase. Second, the consistent differences in magnitude of isotopic signatures between seston and sediment suggest differences in composition that may make near-bottom seston and surface sediment predictably distinguishable in coastal food webs. Accordingly, lighter ␦ 15 N and heavier ␦ 13 C values in surface sediment compared with near-bottom seston could result from the lighter ␦ 15 N and heavier ␦ 13 C values typical of benthic microalgae compared with phytoplankton (Currin et al. 1995; Cloern et al. 2002) and associated with detritus (Currin et al. 1995) , which may settle and continue to decompose in sediments. Alternatively, a greater influence of freshwater sources on seston compared with sediment could also influence the pattern of isotopic signatures since terrigenous sources and freshwater phytoplankton convey lighter ␦ 13 C and heavier ␦ 15 N (Owens 1987; Cloern et al. 2002) . Examining specific aspects of seston and sediment composition relative to physical and biological features of each estuary provides data to test these notions.
Seston and sediment composition-To determine aspects of composition that accounted for the biogeochemical coupling between seston and sediment, discern how this coupling was mediated by other estuarine features, and better define effects on estuarine food supply, we compared changes in seston and sediment composition with other estuarine features across estuaries.
Microalgae-Chl a concentration in seston and sediment increased significantly with increasing N load (Fig. 4A,C) , (Table 1) . which suggests that higher N loads increased phytoplankton and benthic microalgal production in the nearshore areas we sampled. The rate of Chl a increase with N enrichment decreased at higher loads (Fig. 4A,C) , generating a logarithmic relationship. Similar logarithmic responses to increased N loading have been measured in terms of phytoplankton production across many marine water bodies (Borum 1996) . The logarithmic response of Chl a to increasing N loads may result from microalgae reaching their physiological capacity to use N for growth or self-shading as they proliferate (Oviatt et al. 1989; Valiela et al. 1992; Borum 1996) . These data indicate microalgal biomass increased together in seston and sediment as N loads increased across estuaries.
Relationships between Chl a and N load were much more variable for sediment than seston (Fig. 4C) , with Chl a concentrations in sediment lowest among estuaries of highest salinity and among sites where grazers (Nassarius obsoletus) were present (Fig. 4C,D, and Table 1 ). Chl a concentration in seston and sediment decreased significantly with increasing salinity (Fig 4B,D) . The presence of benthic grazers did not affect Chl a concentration in seston (Fig. 4B) . In sediment, however, all but one site where grazers were found (Table 1) fell below the regression line comparing Chl a concentration with salinity (Fig. 4D) , indicating Chl a concentrations at these sites were lower than expected if no grazers were present. In fact, salinity and the presence of grazers accounted for more of the variation in Chl a concentration in sediments (r 2 ϭ 0.68, Fig. 4D ) than N loads alone (r 2 ϭ 0.30, Fig. 4C ), while in seston N-loading rates alone accounted for most of the variation (Fig. 4B) . These findings suggest higher salinity and the presence of grazers limited microalgal biomass in sediment of some estuaries and, in part, mediated sediment composition.
Among the estuaries we sampled, larger N loads were found in locations with lower mean salinity ( Table 1 , r ϭ Ϫ0.67, Fisher's Z test, Ϫ2.94, p ϭ 0.003). This finding was not surprising since land-derived N loads are transported to Cape Cod estuaries by freshwater (Valiela et al. 1992) , and ␦ 13 C signatures in seston suggested freshwater inputs were substantial in some estuaries (Fig. 2B) . Salinity, therefore, may be related to the total amount of N available to producers at each site and may account for relationships between Chl a and salinity (Fig. 4B,D) . Review of the literature reveals no clear pattern between salinity and Chl a concentration in sediment across estuarine systems throughout the world (Köster et al. 1997; Hopkinson et al. 1999; Thornton et al. 2002) . Salinity (within the range we measured) may be an estuary-specific feature that did not have a major effect on the overall coupling of seston and sediment composition in nearshore areas of these estuaries.
Despite the potentially limiting effects of grazer abundance and associated with increased salinity at some sites, higher concentrations of Chl a were found at higher N loads (Fig. 4A,C) , with Chl a concentrations 4-17 times higher in sediment than seston (Fig. 4A,C) . In fact, Chl a concentrations in Cape Cod estuaries were within, but at the high end of, the range of Chl a concentrations found in seston and sediment worldwide (Lukatelich and McComb 1986; Valiela et al. 1992; Cebrián and Valiela 1999) , and higher microalgal biomass in sediment compared with seston is common among coastal estuaries (Granéli and Sundbäck 1985; Lukatelich and McComb 1986; MacIntyre and Cullen 1995) . Such high Chl a concentrations indicate that the limiting effects of high salinity and the presence of grazers were likely minor compared with production stimulated by N enrichment.
The significantly positive effect of N enrichment on phytoplankton and benthic microalgae biomass has important implications for estuarine food supply and biogeochemistry at the sediment-water interface of shallow coastal estuaries. First, increased microalgal biomass may increase the quantity of food available to primary consumers by increasing the organic load from microalgal particles and inevitably their detritus (Smaal et al. 1986; Fegley et al. 1992) . Second, these changes may affect production-driven biogeochemistry (Risgaard-Petersen 2003; Tobias et al. 2003) , potentially having the greatest effect on sediment processes since Nstimulated microalgal concentrations were relatively higher in sediments than seston. Third, by increasing microalgal biomass in seston and sediment, N enrichment may also alter C and N content, changing the quality of foods available to consumers and the abundance of C and N contributing to isotopic signatures from these sources. We related sestonsediment coupling, reflected in isotopic signatures, to the quality of benthic food resources by assessing C and N composition of seston and sediment.
Carbon and nitrogen concentrations-C and N concentrations in surface sediment increased significantly with increasing N load to the watersheds of eight Cape Cod estuaries (Fig. 5A,B) , resulting in a significant decrease in sediment C : N as N loads increased (Fig. 5C ). C and N in seston, however, were not significantly influenced by N load. These data point out significant differences in seston and sediment composition that may be related to the consistent differences in isotopic signature across estuaries.
The greater change in sediment C : N compared with seston in response to increasing N loads may have two explanations. First, Chl a concentrations were substantially higher in sediment than seston, which suggests that increased microalgal biomass may have accounted for the correspondingly higher C and N content in sediment (Fig. 5A,B) . Second, C : N in seston decreased significantly as flushing times increased across estuaries (Fig. 6A) . This relationship was highly predictive (r 2 ϭ 0.88) and suggests greater possibility for net transport of seston particles through and out of the estuary on each tidal cycle compared with sediment (Baillie and Welsh 1980; Snow et al. 2000) . Although N enrichment increased microalgal concentration in both seston and sediment, the secondary effects of this increase were better recorded in sediment, potentially explaining how changes in seston and sediment composition may remain coupled, while the magnitude of responses to nutrient enrichment differ. Greater changes in sediment composition in response to increased N enrichment, compared with seston, is contrary to studies suggesting sediments do not reliably reflect N enrichment (Granéli and Sundbäck 1985; Sundbäck et al. 1991) but are consistent with conclusions of Jørgensen (1996) , who suggested sediments may be the component of coastal ecosystems most sensitive to eutrophication. Differences in C and N content between seston and sediment also may affect estuarine food supply. C : N was significantly lower in seston compared with sediment (paired ttest, t ϭ 4.50, df ϭ 7, p ϭ 0.003), with the greatest difference among estuaries receiving lower N loads (Fig.  5C ). Although Chl a concentration and, hence, the quantity of organic particles may have been greater in sediment, these data suggest seston provided higher quality food to the base of the food web, with seston and sediment composition converging in quality as N loads increased (Fig. 5C ). Higher C : N in sediment compared with seston is consistent with typically higher C : N ratios in detritus and sedimenting organic matter (Rice and Tenore 1981; Valiela 1995) , which suggests that sediment also likely provided different specific sources of N and C to benthic food webs than seston.
Overall, our data suggest the consistent coupling between near-bottom seston and surface sediment composition was most likely driven by differences in type and concentrations of microalgae between seston and sediment. First, benthic microalgae and detritus are typically lighter in ␦ 15 N and heavier in ␦ 13 C compared with phytoplankton (Peterson and Fry 1987; Currin et al. 1995; Cloern et al. 2002) , consistent with the pattern of lighter ␦ 15 N and heavier ␦ 13 C signatures found in sediment compared with near-bottom seston across Cape Cod estuaries (Fig. 2) and others (Fig. 3) . Second, Chl a concentration was the only aspect of composition that, like isotopic signatures, changed concomitantly in seston and sediment across estuaries (Figs. 2 and 4) . Third, Chl a concentration increased in near-bottom seston and surface sediment despite differences in estuary-specific physical and biological factors such as salinity, abundance of snails, and estuary flushing times (Figs. 5 and 6) . Fourth, isotopic signatures in seston and sediment did not show a trend with other variables. For example, although different N inputs conveyed to estuaries by freshwater increased N isotopic ratios in seston and sediment across estuaries (Fig. 2) , salinity did not show a trend with isotopic ratios in seston and sediment (Table 1 and Fig. 2 ). Subsequent changes in N and C composition, SPM, or POM either did not show a trend across estuaries or were discernable only in surface sediment (Table 1 and Figs. 5 and 6), which suggests they were not substantially related to the coupling of seston and sediment composition across locations. These comparisons suggest that microalgal biomass was the component of near-bottom seston and surface sediment substantial enough to be reflected in isotopic ratios.
There are several possible avenues by which increased microalgal biomass could lead to coupling of seston and sediment composition and, in turn, their isotopic ratios. One possibility is through resuspension of benthic microalgae (MacIntyre and Cullen 1995; Lucas et al. 2000) . Resuspension, however, would likely vary among different estuaries with different tidal cycles and flushing rates (Baillie and Welsh 1980) . While likely contributing to local differences in Chl a and organic matter concentrations (Snow et al. 2000) , it seems improbable that resuspension was primarily responsible for the consistent differences we demonstrated. Another more likely possibility is coupling through biochemical processes such as the exchange of inorganic nutrients via photosynthesis (Sundbäck et al. 1991; Tobias et al. 2003) or decomposition of organic matter (Hopkinson et al. 1999; Risgaard-Petersen 2003) and diffusion of organic nutrients by microbes under anoxic conditions (Vallino et al. 1996) , all of which are related to microalgal biomass. Seston and sediments in our estuaries likely provided a substantial opportunity for such biogeochemical exchanges, since microalgal production was high compared with estuaries worldwide, and sediments maintained isotopic values and C : N reflective of detritus and bacterial decomposition.
Seston-sediment coupling has definite implications for assessing estuarine food supply. First, since seston and sediment responded similarly to increased N enrichment in terms of primary production, the quantity of particles available to consumers from these sources likely increased together. The composition of those particles, however, differed between seston and sediment. These differences mean that seston and sediment ultimately may provide different quantity and quality foods to estuarine benthic consumers (Kang et al. 2003; Carmichael et al. 2004b ) but that these features may change together among different estuaries. Second, the advantage of these differences is that they were reflected as consistent differences in stable isotopic composition that help make seston and sediment distinguishable in food webs (Carmichael et al. 2004b ). Thus, although seston and sediment composition is coupled, each may remain a distinct component of benthic food webs.
This study is the first to our knowledge to compare and contrast composition of near-bottom seston and surface sediment in tandem, describing coupling of seston and sediment composition and implications for estuarine food supply and biogeochemistry across estuaries receiving different N loads. Comparison of our results with studies that sampled during roughly the same times during the year, by methods similar to ours, likely reduced variation sufficiently to detect the coupling of near-bottom seston and sediment composition indicated by isotopic ratios in seston and sediment. Consistent relationships between seston and sediment isotopic composition across widely distributed estuaries suggests this coupling may be relatively independent of estuary-specific physical features. We cannot be certain to what extent specific features of near-bottom seston and surface sediment composition measured during this study may be applied more broadly to assessing relationships between seston and sediment estuary-wide, since we sampled within nearshore areas of each estuary. Our data, however, provide evidence that coupling of seston and sediment composition may exist in shallow areas of estuaries worldwide.
